were performed as described.3) pRG12 was constructed using a duplex with 52 base pairs (bp) obtained by ligation of 6 oligonucleotides. pRL61 and pRR61 were prepared by ligation of newly synthesized oligonucleotides as wellas previously synthesized fragments. Five sub-fragments consisting of about ca. 100 by were first prepared for obtaining the genes, which were joined to the Clal-Sall site of pGH-L94) using essentially the same conditions as described.
3) The base sequence was confirmed by the Maxam-Gilbert method5) or the termination method.6) Isolation of p21 and Mutants c-Ha-ras p21 proteins were isolated from E. coli harboring pRG12, pRL61 or pRR61 by the procedure reported previously:7) The yield of p21 (Arg-61) was 30 mg from 21 of culture medium. p21 (Gly-12) and p21 (Leu-61) were also obtained in yields of 10-30 mg from the same medium.
Results
Cassette Mutation for p21 (Gly-12) Gene
To obtain p21 (Gly-12), a plasmid pRG12 was constructed by cassette mutagenesis. Sites for two restriction enzymes in a synthetic gene for p21 (Val-12)31 were used for this purpose. The ClaI-BssHII fragment in pRV123) was replaced by a duplex with 52 by which contained the glycine codon, GGT, as shown in Fig. 1 . The duplex was prepared by joining of oligodeoxyribonucleotides using T4 DNA ligase followed by treatment with BssHII. pRG12 thus obtained was used to transform E. coli HB101 and the protein p21 (Gly-12) was produced by induction with indolylacrylic acid. The base sequence of the plasmid was determined to confirm that the mutation had occurred at the 12 position.
Construction of Plasmids Containing Genes for p21 (Leu-61) and p21 (Arg-61)
For substitution of Gln-61 with leucine, two oligodeoxyribonucleotides were prepared to alter CAA to CTG and ligated with the rest of the fragments. The gene was joined to the The vector carrying c-Ha-ras (Val-12) gene was cleaved with ClaI and BssHII. Then the duplex DNA cassette was ligated with the gapped plasmid. Ha-ra? indicates the normal Ha-ras gene.
Fig. 2. Reconstruction of Mutated Genes and Their Insertion into the Expression Vector
The phosphorylated oligonucleotides were annealed and ligated. Five subfragments were further ligated to yield the whole gene. pGH-L9 that carries E. coli trp promoter was cleaved with Clal and Sall. The synthetic c-Ha-ras gene was inserted into the vector by ligation. A dot (a) indicates terminal phosphate. larger fragment of the ClaI-Sall digest of pGH-L9 to yield pRL61.
For construction of pRR 61 containing the codon for Arg at the 61 position, oligodeoxyribonucleotides having CGC or the complementary sequence were used. Six other oligonucleotides were also used to incorporate three restriction sites, Nrul, Mlul and EcoRV , in pRR61 (Fig. 2) . The base sequence of the newly synthesized gene was confirmed by the Maxam-Gilbert method. The structure is shown in Fig. 3 .
Properties of Normal p21 (Gly-12) and Mutants The guanosine diphosphate (GDP)-binding activities of p21 (Leu-61 and Arg-61) were measured together with those of the normal p21 and p21 (Val-12) using [3H]GDP.7a) The results are shown in Fig. 4 . All p21 proteins bound GDP with different velocities and reached equilibrium after 2 h. Inhibition was observed on addition of a 20-fold excess of GDP, guanosine triphosphate (GTP) and dGTP. However, other nucleoside triphosphates (adenosine triphosphate (ATP), cytidine triphosphate (CTP) and uridine triphosphate (UTP)) did not have any effect (data not shown). It may be concluded that activation of p21 dose not affect the base specificity in binding.
The GTPase activities of these) p21 proteins were compared, as shown in Fig. 5 . Mutations at positions 12 and 61 caused marked decreases of the activity.
Discussion
Mutations of a synthetic gene were performed by two different approaches in the present work. The gene was originally designed for cassette mutagenesis of the 12th position. The mutated gene was expressed with high efficiency in E. coli, and p21 (Gly-12) was obtained in quantity, which allowed crystallization of the protein. The 61st position was mutated by reconstruction of the gene using appropriate synthetic oligonucleotides. This method was found to be feasible in this size of gene, since synthetic oligomers previously obtained could mostly be used and ligation of properly designed gene fragments would give higher yields of mutants than mutageneses involving cleavage reactions with restriction enzymes. Several site-directed mutageneses of c-Ha-ras genes yield p21 proteins mutated at the 12 th and 61 st codons.9 The present result on the GTPase activity is consistent with that reported earlier-Ye)
The mutated genes described here can be further used to alter the structure of p21 in large areas. Studies along this line will be reported elsewhere.
